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Background: The most common CF-causing mutations interfere with CFTR trafﬁcking from the endoplasmic reticulum (CFTR-F508del) or
prematurely terminate transcription (CFTR-null). We suspected that genotype-speciﬁc patterns of CFTR expression would have differential effects
on smooth muscle cell calcium signaling and hence vascular tone. We hypothesized that compared to wild-type or CFTR-null aorta, aorta from
CFTR-F508del (dF) piglets will have reduced endoplasmic reticulum calcium mobilization and decreased vasoconstriction.
Methods: Aortic reactivity was assessed by myography, and ratiometric calcium imaging was performed in isolated vascular smooth muscle cells.
Results: Aorta from dF piglets had reduced myogenic tone (P b 0.001) and decreased constriction to KCl (P b 0.05). Combined inhibition
of ryanodine and IP3 receptors decreased wild-type and CFTR-null responses to levels seen in dF aorta. Compared to wild-type cells, dF-
expressing smooth muscle cells had reduced calcium transients, while CFTR-null cells had decreased baseline intracellular calcium
concentrations.
Conclusions: Expression of CFTR-F508del interferes with smooth muscle cell calcium handling and decreases aortic responsiveness.
© 2013 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: Cystic ﬁbrosis transmembrane conductance regulator; Endoplasmic reticulum; Inositol triphosphate receptor; Vascular smooth muscle cell1. Introduction
Cystic fibrosis (CF) is caused by more than one thousand
different mutations of the cystic fibrosis transmembrane
conductance regulator (CFTR) [1]. The most common CF-
causing mutation leads to deletion of phenylalanine at
position 508 (CFTR-F508del), resulting in protein misfoldingAbbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane
conductance regulator; dF, CFTR-F508del; ER, endoplasmic reticulum; IP3
inositol triphosphate; PSS, physiologic saline solution; VSMC, vascular smooth
muscle cell; WT, wild-type.
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flishedand ER-associated degradation [2,3]. The second most com-
mon CF-causing mutation (G542X) prematurely terminates
CFTR transcription [1]. In those homozygous for either
mutation, the loss of epithelial cell CFTR leads to classic
CF phenotypes, including pancreatic insufficiency and lung
disease.
The direct cardiovascular effects of CFTR mutations are
unknown. Clinically, CF-related hypotension and right ventricular
dysfunction are well described, but these findings are typically
attributed to the indirect effects of salt wasting and pulmonary
disease [4,5]. However, recent studies have shown that relatively
healthy patients may have right ventricular dysfunction with little
to no pulmonary hypertension [6], and heterozygote carriers of a
CFTR-F508del mutation have lower blood pressures [7]. Though
a possible explanatory relationship between sweat chloride and
blood pressure exists [7], there is no evidence of hemodynamically
significant salt depletion or hypovolemia in CF patients [8,9].by Elsevier B.V. All rights reserved.
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likewise controversial. When arterial stiffness is indirectly
assessed by pulse wave velocity analysis, CF patients have
decreased aortic distensibility, but these measurements have
been confounded by the presence of systemic inflammation and
diabetes [10,11]. To more directly assess the vascular effects of
CF mutations, McGrath et al. compared forearm blood flow
following intra-arterial infusion of vasoactive agents and found
CF patients tend to have diminished vasodilation to nitroprusside
(P = 0.06) but not acetylcholine, suggesting the presence of
smooth muscle cell dysfunction [12]. Further, human airway
smooth muscle cells isolated from CF patients have decreased
agonist-induced calcium transients, again suggesting a direct ef-
fect of the CFTR-F508del mutation on myocyte function [13].
Given the importance of ER calcium mobilization in VSMC-
mediated vasoconstriction and the differential ER expression
of CFTR in WT, CFTR-null and CFTR-F508del aorta [3], we
hypothesized that piglets with cystic fibrosis would have genotype-
specific alterations in calcium handling and aortic tone.
2. Methods
2.1. Animal model
This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the University of Iowa Animal Care
and Use Committee (Permit Numbers: 1108172 and 1002025).
CFTR+/+ (WT), CFTR−/− (null), CFTR+/F508del (dF Het) and
CFTRF508del/F508del (dF) piglets were obtained from Exemplar
Genetics (Sioux Center, IA). Because cystic fibrosis piglets
are born with meconium ileus and intestinal obstruction, they
were euthanized with pentobarbital sodium–phenytoin sodium
(Euthasol, Virbac, Fort Worth, TX) within 24 h after birth [14].
The descending thoracic aorta was stored in chilled physiologic
buffer solution until same-day assessment.
2.2. Aortic reactivity
The aorta was sectioned into 5 mm segments and mounted
in 18 ml myograph chambers containing a physiologic saline
solution (PSS) constantly aerated with a mixture of 95% O2–5%
CO2. The composition of the PSS was (in mmol/l): 119 NaCl, 4.7
KCl, 1.18 KH2PO4, 1.17 MgSO4∙7 H2O, 25 NaHCO3, 2.5
CaCl2∙2 H20, 5.5 dextrose and 0.03 CaNa2-EDTA. Initial studies
assessed the relationship between resting tension and myogenic
tone. Individual arterial segments were incubated in buffer alone
or buffer containing ryanodine (1 μM; ryanodine receptor an-
tagonist at this concentration) [15], 2-aminoethoxydiphenyl borate
(2-APB; 50 μM; inositol triphosphate receptor (IP3R) antagonist),
ryanodine plus 2-APB, or barium (100 μM, KIR antagonist) [16].
The concentration of 2-APB just exceeds the IC50 value for
2-APB inhibition of IP3-induced calcium release [17]. Additional
segments were incubated in calcium-free buffer with EGTA
(1 mM) to chelate any residual extracellular calcium. During the
assessment of myogenic responses, the buffer was neither alterednor refreshed. After 1 h of incubation, some of the arterial
segments were constricted with either noradrenaline (10 μM) or
KCl (5 to 60 mM). All compounds were acquired from Sigma
Chemical (St. Louis, MO) with the exception of ryanodine which
was supplied by Tocris (Bristol, UK).
2.3. Morphometrics
Additional aortic segments were incubated for 10 min in
PSS containing 100 μM sodium nitroprusside to allow maximal
vasodilatation. The rings were then fixed and paraffin embedded,
microtomed in true cross section, and stained with hematoxylin
and eosin. Sections were viewed under a brightfield microscope
(Nikon Optiphot-2) and imaged using a digital camera and Spot
software (Diagnostic Instruments, Sterling Heights, MI). Lumen
diameter and mural thickness were averaged from three sections
per vessel for the calculation of wall to lumen ratios, as previously
described [18].
2.4. Smooth muscle cell culture
Aortic segments were cleansed of adherent connective tissue
and placed in ice cold PSS with penicillin G (100 U/ml) and
streptomycin sulfate (100 μg/ml). The artery was then subjected
to enzymatic dispersion in minimal essential medium containing
elastase (125 μg/ml), collagenase (1 mg/ml), bovine serum albu-
min (2 mg/ml), and soybean trypsin inhibitor (375 μg/ml). Cells
were plated onto collagen coated dishes bathed in Dulbecco's
modified Eagle's high-glucose medium containing 10% fetal
bovine serum. The culture dishes were subsequently placed in a
humidified 95% air–5% CO2 incubator set at 37 °C. The
incubation media was changed at frequent intervals until second
passage cells reached 80% confluence (over 7–9 days). Cells
were identified as myocytes given positive staining for alpha-
smooth muscle actin, as previously described [19].
2.5. CFTR mRNA expression
VSMCRNAwas purified with RNeasy kits (Qiagen, Valencia,
CA), then quantified using a NanoDrop ND-1000 spectro-
photometer (Labtech International, East Sussex, UK). Reverse-
transcription reactions were performed on 0.5 μg total RNA. PCR
was performed with the CFTR primer set: forward, 5′-CTGGAG
CCTTCAGAGGGTAAAAT-3′; reverse, 5′-AGTTGGCACGCT
TTGATGACACTCC-3′. To exclude contamination by genomic
DNA, the reaction was run without reverse transcriptase and no
band was seen.
2.6. Ratiometric calcium imaging
Cytosolic calcium concentrations ([Ca2+]i) were measured
by fura-2 fluorescence using a videomicroscopy imaging system
(IonOptix, Milton, MA). Calcium binding to fura-2 produces a
shift in fluorescence intensity peak from 380 to 340 nm, and thus
an increase in ([Ca2+]i) produces an increase in the 340/380 ratio.
Individual VSMC was loaded with fura-2 (5 μM, Molecular
Probes, Eugene, OR) for 30 min at 37 °C. [Ca2+]i was computed
253J.J. Guo et al. / Journal of Cystic Fibrosis 13 (2014) 251–259from the 340 nm and 380 nm excitation images acquired prior to
and following stimulation with angiotensin II (1 μM). As first
described by Grynkiewicz [20], the system was calibrated with 11
pre-diluted buffers with calcium concentrations ranging from 0 to
39 μM with R2 = 0.99 (F-6774, Molecular Probes).
2.7. Data analysis
Data are presented as mean +/− SEM. The relationship
between resting tension and myogenic tone was assessed by
Pearson product moment correlation. All other results were
compared using Student's t-test (with two-tailed significance at
P b 0.05). To test our a priori hypothesis that CF-causing
mutations differentially alter vascular function, separate t-tests
were performed for null versusWT and dF versusWT responses.
All analyses were performed using SigmaStat 3.0 (SPSS Inc.,
Chicago, IL).A
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Fig. 1. Genotype-specific myogenic tone. Aortic segments from 7 piglets (2 WT, 3
tension and myogenic tone was assessed (A, symbol size is proportionate to restin
(black symbols, N = 29), and dF piglets (gray symbols, N = 11) were incubated at 2
aorta from WT piglets, aorta from dF piglets had deceased constriction during incub
Combined inhibition of ryanodine and IP3 receptors with both ryanodine (1 μM) an
approximate the tone of dF aorta. *P b 0.05 versus WT, #P b 0.05 versus buffer al3. Results
3.1. Vascular reactivity
A direct relationship was seen between resting tension
(passive stretch) and the myogenic force generated during 3 h
incubation of aortic segments in buffer alone (Fig. 1A, R =
0.99, P b 0.001). To approximate a physiologic neonatal pig-
let blood pressure of 52 mm Hg [21], subsequent studies
consistently utilized 2 g-force resting tension (2 g applied by
32 gage wires over a surface area of 3.2 mm2 yields a pressure
of 62.5 g-force/cm2 or 52 mm Hg at 37 °C). Compared to
aorta from WT piglets, aorta from dF piglets had decreased
myogenic tone after 3 h incubation in PSS buffer alone
(Fig. 1B), PSS with ryanodine or calcium free buffer with
EGTA (Fig. 1C, all at 2 g-force resting tension). Combined
inhibition of ryanodine receptors and IP3 receptors with bothB
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g tension). Aortic segments from additional WT (open symbols, N = 38), null
g resting tension for 3 h and the ensuing tension was recorded (B). Compared to
ation in PSS buffer, calcium free buffer with EGTA or PSS with ryanodine (C).
d 2-APB (50 μM) reduced the tone of aorta from WT or CFTR-null piglets to
one.
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aorta, thereby approximating the tone generated by dF aorta
(Fig. 1C).
To assess for an additional effect of CFTR on receptor-
mediated vasoconstriction, noradrenaline was added to the
myograph chambers after 1 h incubation in PSS or calcium free
buffer with EGTA. During noradrenaline exposure, aorta from
WT and CFTR-null aorta constricted more than aorta from
dF piglets. Calcium-free buffer with EGTA attenuated this NA-
augmented constriction, but did not eliminate the underlying
myogenic tone (Fig. 2). These results suggest that NA-stimulated
constriction is influenced by extracellular calcium content, and the
dF mutation may suppress intracellular calcium release more than
extracellular calcium entry. On further analysis of the subgroup
of piglets that had aortic segments simultaneously incubated in
the presence and absence of noradrenaline (N = 12 null and 14
wild-type), CFTR-null aorta had increased relative NA con-
tractility, assessed as a % of the response to buffer alone (null:
201 +/− 22%; WT 147 +/− 13%, P = 0.04). Because extra-
cellular calcium influx can occur through voltage dependent
channels, we next assessed aortic constriction to increasing con-
centrations of KCl.
Given prior studies showing CFTR-mediated membrane
hyperpolarization through an enhancement in KIR activity [22],
we simultaneously assessed the response to KCl in the presence
and absence of the KIR antagonist barium chloride. As seen
with noradrenaline, aorta from dF piglets had impaired KCl-
induced vasoconstriction (Fig. 3A). While barium accentuated
constriction to b20 mM KCl independent of CFTR genotype
(Fig. 3B), it did not correct the impaired constriction seen from
CFTR-F508del aorta (Fig. 3C) or elicit genotype-specific
effects (Fig. 3D). Notably, the KCl response failed to plateau,
consistent with ongoing myogenic constriction throughout
the 60 to 90 min that elapsed during completion of the KCl
concentration–response protocol. Taken together, our myography††
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Fig. 2. Aortic response to adrenergic stimulation. Aortic constriction to
noradrenaline (NA, 10 μM) was assessed for WT (open bars, N = 17), CFTR-
null (black bars, N = 13), and dF piglets (gray bars, N = 6) incubated in either
PSS buffer alone or calcium-free buffer with EGTA. Aorta from dF piglets had
decreased constriction during the 90 minute incubation, regardless of NA
addition 30 min prior to study completion. Elimination of extracellular calcium
eliminated the heightened tone of WT and CFTR-null aorta. *P b 0.05 versus
WT, ††P b 0.01 or †P b 0.05 for NA versus buffer, #P b 0.05 for NA versus
EGTA–NA.data demonstrate CFTR-F508del dependent reductions in vaso-
constriction to passive stretch, adrenergic receptor agonists and
membrane depolarization, suggesting an intrinsic change in vessel
morphology and/or calcium mobilization.
3.2. Morphology
To assess aortic morphology, segments were fixed during
maximal dilation. While the aorta from CFTR-null piglets
tended to have increased lumen diameters and decreased wall to
lumen ratios, these did not reach statistical significance (Fig. 4,
P N 0.20 versus WT). Aorta from dF piglets had intermediate
values between those of CFTR-null and WT aorta.
3.3. Calcium imaging
Cultured cells were uniformly identified as VSMC based on
their positive immunoreactivity for alpha-smooth muscle actin
(Fig. 5A). CFTR mRNA was identified in VSMC expressing
wild-type and/or CFTR-F508del, but not VSMC isolated from
CFTR-null piglets (Fig. 5B). By fura-2 imaging, VSMC from
null piglets had decreased baseline [Ca2+]i (Fig. 5C and E),
while VSMC from CFTR-F508del piglets had blunted increases
in cytosolic calcium in response to angiotensin II (P = 0.01 for
dF versus wild-type and P = 0.07 for dF Het versus wild-type,
Fig. 5D and F).
4. Discussion
While classically considered an epithelial cell-specific chloride
channel, recent investigations have shown functional CFTR
expression in non-epithelial cells, including smooth muscle cells,
Schwann cells and skeletal muscle cells [13,23]. In rodents,
wild-type CFTR activation antagonizes IP3-mediated smooth
muscle cell constriction and promotes vasodilation [24,25]. In
contrast, mouse CFTR-null aorta has enhanced calcium release
and vasoconstriction [26]. Our studies on isolated arterial seg-
ments and VSMC explored the physiologic relevance of CFTR
expression in newborn piglet aorta.
Intriguingly, CFTR null aortic responses did not differ from
those of wild-type aorta, suggesting that CFTR expression may
have a limited role in the regulation of wild-type aortic tone.
Alternatively, the dual loss of cell surface and intracellular
CFTR may elicit counterbalancing physiologic effects. In stark
contrast, CFTR-F508del aortas had impaired calciummobilization
that correlated with a significant and highly consistent decrease in
vasoconstrictor response to stretch, adrenergic receptor stimulation
or membrane depolarization. Taken together, these studies suggest
a reduction in VSMC intracellular calcium signaling related to gain
of CFTR function in CFTR-F508del piglets. A model of the
proposed genotype-specific effects of CFTR on vascular function
is provided in Fig. 6.
The generation of unrelenting myogenic tone was an un-
expected attribute of the newborn piglet aorta. We have demon-
strated myogenic responses in a majority of our myography
studies, but these responses typically fade over time. That was
not the case with newborn piglet aorta. In fact, these strong
Fig. 3. Aortic response to membrane depolarization. Vasoconstriction to cumulative concentrations of KCl was assessed for WT (open symbols, N = 21), CFTR-null
(black symbols, N = 11), and dF piglet aorta (gray symbols, N = 13) following the one hour incubation in PSS buffer alone (A) or PSS with BaCl2 (B–D).
Independent of BaCl2, aorta from dF piglets had decreasedKCl-induced constriction (A). Independent of genotype, KIR antagonismwith BaCl2 increased aortic constriction to
5, 10 and 15 mM KCl (B), but this did not normalize the KCl responsiveness of dF aorta (C and D). *P b 0.05 versus WT, #P b 0.05 versus PSS without BaCl2.
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protocol when secondary responses to noradrenaline or KCl
could be elicited, and the strong myogenic tone that soon
developed precluded assessment of vasodilatory responsiveness.
We defined the pathways contributing to the vigorous myogenic
tone by preincubating aortic segments in a variety of pharma-
cologic inhibitors. The use of a calcium-free buffer with EGTA
excluded a role of extracellular calcium uptake in either the
inception or propagation of the myogenic response. Instead,
myogenic tone was attenuated only after combined inhibition of
ryanodine and IP3 receptors. This is consistent with the prevailing
view that myogenic responses can be mediated by endoplasmic
reticulum IP3 receptor activation [29]. Notably, the evolutionarily-
related ER/SR calcium channels (IP3 receptors and ryanodine
receptors) share a feed-forward mechanism whereby increased
cytosolic calcium concentration induces further calcium release
[30], possibly explaining the need to inhibit both receptor types to
fully recapitulate the detrimental effects of the dF mutation.
The attenuated myogenic tone generated by dF aorta was
reminiscent of the impaired response seen when wild-type aorta
was incubated with either a 50% reduction in passive tension or
inhibitors of both ryanodine and IP3 receptors. Unlike the
results reported for piglet trachea [31], light microscopy did not
reveal any ultrastructural changes in the aorta from dF piglets.
Because IP3 receptor activation is a final common pathway for
a number of vasoactive agents, we further interrogated aortic
responsiveness to receptor and voltage-mediated calcium channel
activation.While aortic segments incubated in buffer alone again
developed myogenic tone, the addition of noradrenaline signif-
icantly augmented arterial tone of segments obtained from both
wild-type and CF piglets, with the greatest effect seen in
CFTR-null aorta. This noradrenaline-augmented tone, but not
the underlying myogenic tone, was significantly attenuated by
the removal of extracellular calcium, suggesting an important
role for calcium influx in this process. In this regard, the lack of
CFTR-F508del-specific noradrenaline responsiveness strengthens
the hypothesis that the effect of CFTR-F508del is related more to
endoplasmic reticulum expression/degradation than the lack of
plasma membrane expression.
Arterial constriction to KCl was of greater magnitude than
that seen with either myogenic stretch alone or noradrenaline,
possibly due to augmentation of extracellular calcium influx by
calcium-induced intracellular calcium release. Interestingly, the
CFTR-F508del induced decrease in KCl elicited vasoconstriction
was not evident until the concentration of KCl exceeded 10 mM.
Because KIR may elicit membrane hyperpolarization, barium
chloride was added to select myograph chambers to potentially
unmask an independent effect of CFTR on KCl sensitivity. Even
in the presence of barium, dF aorta had decreased vasoconstriction.
Because barium blocks the extracellular pore of potassium chan-
nels, including KIR, and an effect of CFTR on intracellular mem-
brane potential has been reported, future studies could investigate
the potential of CFTR-F508del to inhibit intracellular calcium
release through endoplasmic reticulum hyperpolarization. Relevant
to this hypothesis, recent investigations have shown a lack of
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Fig. 4. Genotype-specific aortic morphology. Following dilation with sodium
nitroprusside, aortic segments fromWT (left, N = 14), null (middle, N = 8) and
dF piglets (right, N = 10) were fixed and stained for morphometric analysis (A).
While the aorta from CFTR-null piglets tended to have increased lumen
diameters (B) and decreased wall to lumen ratios (C), these did not approach
statistical significance.
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Fig. 5. Vascular smooth muscle cell CFTR expression and its effect on calcium
transients. VSMC was isolated from neonatal piglet aorta and identified by
positive immunofluorescence for alpha-smooth muscle actin (A, with DAPI
nuclear counterstain). CFTR mRNA was identified in aortic VSMC from WT,
dF Het and dF/dF, but not CFTR-null piglets (B, dominant markers in left lane:
200 and 100 bp, expected size: 155 bp). Mean angiotensin II-stimulated
calcium transients are provided for WT versus null (C) and WT versus dF
genotypes (D). Compared to WT (white bars), VSMC from null piglets
(black bars) had decreased baseline [Ca2+]i (E), while VSMC from dF piglets
(gray bars) had decreased calcium responses to angiotensin II (F). N = 8 to 17,
*P b 0.05 versus wild-type.
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consequence of high intrinsic membrane permeability [32]. This
contrasts with investigations showing an effect of CFTR-F508del
on epithelial cell ER/SR calcium release that is dependent on
chloride channel activity, with the differential results potentially
related to subcellular compartmentalization [27].
Investigation of aortic morphology and aortic smooth
muscle cell calcium transients complemented the myography
results. Independent of genotype, aorta from piglets with cysticfibrosis tended to have decreased wall to lumen thickness, but
this did not approach statistical significance. While CF-related
alterations in aortic morphology have not been reported,
reductions in birth weight and tracheal dimensions have been
reported in both CF humans and pigs [31]. The reduction in
IGF-1 seen in humans and piglets with CF is intriguing in this
regard [33], as IGF-1 levels correlate with aortic intima-media
thickness [34].
Given investigations showing CFTR-mediated smooth muscle
cell dysfunction, we hypothesized that VSMC alterations were
responsible for the aortic phenotypes. Indeed, the CFTR-F508del
mutation decreased calcium transients with a possible gene-
dosage effect seen in heterozygous aorta. The presence of an
intermediate phenotype in dF Het aorta would argue in favor of a
non-gating effect of the mutation on VSMC function as 50%WT
expression should be adequate to provide the chloride current
needed for charge neutralization. While experimental data show
that intracellular potassium or chloride channels may contribute to
the charge neutralization required during rapid and sustained ER
calcium release [35,36], additional studies utilizing impermeant
ions and mathematical modeling suggest that a majority of the
257J.J. Guo et al. / Journal of Cystic Fibrosis 13 (2014) 251–259charge neutralization may be mediated by the ER calcium
channels themselves [37]. Although Hybiske et al. did not identify
statistically significant differences in calcium handling when
CFTR-F508del homozygous epithelial cells were transfected with
lacZ versus wild-type CFTR, dF versusWT comparisons were not
performed [38]. Support for an effect of ER-specific CFTR
expression on calcium handling is found in recent investigations
by Balghi et al. showing that ER retention of CFTR increases
store-operated calcium entry through an Orai1-dependent mech-
anism [28]. In those investigations, the inhibition of cell surface
WT CFTR did not reproduce the results seen in dF cells, and
further studies are necessary to determine if the presence of
CFTR-F508del within the ER or the absence of plasmamembrane
CFTR expression mediates the effects of the chloride channel not
only on calcium entry, but also on intracellular calcium release.
Compared to dF-expressing cells, CFTR-null cells had
diametrically opposed results, with a trend towards increased
calcium transients that was strongly influenced by a significant
decrease in baseline calcium levels. The suppression in baseline
[Ca2+]i seen in only CFTR-null aorta implies a role for either
absent ER expression or a compensatory cellular response to
the mutation, and further studies are needed to define the origin
and physiologic implications of this alteration with a loss of
charge neutralization across the ER membrane a possibility
worth considering [27]. It is possible that the reduction in
baseline [Ca2+]i sufficiently reduced basal actin–myosin inter-
action such that subsequent agonist-induced calcium responses
elicit a disproportionately greater increase in force generation,Fig. 6. Simplified model of the potential impact of CFTR mutations on VSMC functio
(A). Increasing extracellular [KCl] leads to membrane depolarization and activation
calcium chelator EGTA and inward rectifying potassium channels (purple, blocke
ryanodine receptors (green, blocked by ryanodine) and IP3 receptors (blue, blocked
provide charge neutralization [27]. Membrane stretch, angiotensin II (AngII) and nor
C (PLC), leading to the release of IP3 and subsequent IP3 receptor activation. In a
production of cAMP, with subsequent CFTR activation potentially leading to plas
CFTR-F508del lack plasma membrane CFTR expression (B), potentially contribu
calcium release. CFTR-null cells also lack ER/SR CFTR expression, and this may cand this is supported by both the relative increase in baseline
CFTR-null aortic diameters and the relative increase in
noradrenaline-induced vasoconstriction. Although the baseline
calcium concentrations we measured from wild-type myocytes
are consistent with the literature [39], absolute precision could
be improved if future studies utilize a system calibrated with
permeabilized cells.
The findings in VSMC do not rule-out an additional role of
other vascular cell types, including CFTR-expressing endothelial
cells [40], in the observed aortic phenotypes, and they do not
identify the intracellular or extracellular source of the altered
calcium transients. Indeed, skeletal muscle cells from CFTR-null
mice have ryanodine and IP3 receptor-dependent increases in the
intracellular calcium response to KCl [41], and CFTR inhibition
acutely increases the extracellular calcium uptake of spontaneously
beating ventricular myocytes [42]. Further studies are needed to
determine whether these alterations in calcium handling are related
to changes in plasma membrane electrochemical gradients and/or
altered endoplasmic reticulum calcium channel distribution,
potentially as a consequence of a CFTR-F508del induced ER
stress response that could attenuate IP3 receptor function through
a combination of spatial distortion of the ER/SRmembrane and/or
accelerated IP3R degradation in activated proteasome complexes
(Fig. 6). However, despite the degradation of CFTR-F508del by
an unfolded protein response [43], investigations by Ribeiro
and Boucher suggest, at least in epithelial cells, that there is a
relatively low level of ER stress in the absence of inflammatory
stimuli [44].n. Wild-type CFTR (yellow) localizes within the plasma and ER/SR membranes
of voltage-dependent calcium channels (red), a process that is attenuated by the
d by barium). An increase in [Ca2+]i induces further calcium release through
by 2-APB). Countercurrent chloride efflux from ER/SR CFTR channels may
adrenaline (NA) mediate vasoconstriction in part by activation of phospholipase
ddition to PLC activation, NA activates adenylate cyclase (AC) leading to the
ma membrane depolarization and enhanced calcium entry. VSMC expressing
ting to membrane hyperpolarization [28] and a reduction in calcium-induced
ontribute to the observed decrease in baseline calcium concentration (C).
258 J.J. Guo et al. / Journal of Cystic Fibrosis 13 (2014) 251–259In conclusion, while wild-type CFTR expression appears to
have a negligible effect on aortic reactivity, the CFTR-F508del
mutation is associated with decreased aortic tone and aortic
VSMC calcium release. If widespread in conduit and resistance
arteries, this reduction in myocyte reactivity may contribute to
the cardiovascular phenotypes increasingly reported in CF patients.
Further investigations centered on VSMC-specific CFTR-F508
expression are needed to clarify the causal relationship between
CFTR mutations and the reported reductions in arterial pressure.
As therapeutic interventions increasingly focus on systemic
delivery of CFTR-corrector therapy, there is increased emphasis
on improved understanding of the extra-pulmonary effects of
CFTR expression. If our findings in piglet aorta translate to human
arterioles, the reduction in vascular tone might contribute to the
lower blood pressure seen in those with heterozygous or
homozygous CFTR-F508del expression. A restoration of the
CFTR trafficking in patients with an F508del mutation might
thereby influence blood pressure and more importantly, systemic
and pulmonary blood flow. Assessment of indirect and direct
measures of tissue perfusion should be considered in future
therapeutic trials of small molecule CFTR correctors.Role of the funding source
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